The discovery of non-zero neutrino masses invites one to consider decays of heavier neutrinos into lighter ones. We investigate the impact of two-body decays of neutrinos on the neutronization burst of a core-collapse supernova -the large burst of νe during the first 25 ms post core bounce. In the models we consider, the νe, produced mainly as a ν3 (ν2) in the normal (inverted) mass ordering, are allowed to decay to ν1 (ν3) orν1 (ν3) , and an almost massless scalar. These decays can lead to the appearance of a neutronization peak for a normal mass ordering or the disappearance of the same peak for the inverted one, thereby allowing one mass ordering to mimic the other. Simulating supernova-neutrino data at the Deep Underground Neutrino Experiment (DUNE) and the Hyper-Kamiokande (HK) experiment, we compute their sensitivity to the neutrino lifetime. We find that, if the mass ordering is known, and depending on the nature of the Physics responsible for the neutrino decay, DUNE is sensitive to lifetimes τ /m 10 6 s/eV for a galactic SN sufficiently close-by (around 10 kpc), while HK is sensitive to lifetimes τ /m 10 7 s/eV. These sensitivities are far superior to existing limits from solar-system-bound oscillation experiments. Finally, we demonstrate that using a combination of data from DUNE and HK, one can, in general, distinguish between decaying Dirac neutrinos and decaying Majorana neutrinos.
are expected from next-generation neutrino oscillation experiments including the JUNO [40] and DUNE [41] experiments, while stronger but model-dependent bounds -τ 3 /m 3 > 2.2 × 10 −5 s/eV -from solar neutrinos have been recently proposed [15] .
These rather loose bounds lead one to explore baselines which are much longer than one Astronomical Unit. Two candidates immediately qualify for the search: (i) neutrinos from supernova SN1987A [42] [43] [44] [45] [46] [47] , and (ii) ultra-high-energy neutrinos from astrophysical sources, detected at IceCube [48, 49] . Constraints from SN1987A were pursued in the literature [27, 50] , while constraints from IceCube -current and future -are plagued by uncertainties on the neutrino flavor composition [51, 52] . Here we concentrate on the next galactic supernova as a probe of long lifetimes for the neutrinos.
A core-collapse supernova (SN) emits almost 99% of its binding energy in the form of neutrinos (see [53] for a detailed review). During, roughly, the first 25 ms post core-bounce, a large burst of electron neutrinos is emitted due to the deleptonization of the core. This phase, known as the "neutronization burst", is a robust prediction of all core-collapse SN simulations. During the neutronization burst, negligible amounts -relative to that of ν e -of ν e and ν µ, τ , ν µ, τ are released. This implies that the neutronization-burst flux does not undergo significant collective oscillations but is mostly processed by the well-understood Mikheyev-Smirnov-Wolfenstein (MSW) resonant flavor conversion [54, 55] associated to the ordinary matter density the neutrinos encounter on their way our of the supernova. This implies that the flavorevolution of these neutrinos is not impacted by large uncertainties associated with collective oscillations [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . This renders the neutronization-burst neutrinos well suited for performing robust tests of neutrino properties. We provide a detailed description of these neutrinos in Section III.
A detailed analysis allowing for the decay of the heavier neutrinos during the neutronization burst was first performed in [23] . It was argued that the ν e , propagating as a heavy mass-eigenstate ν h , could decay into a lighter ν l during its flight. Considering a simple Majoron-like model, with scalar as well as pseudo-scalar couplings, the author studied the presence of a sharp neutronization peak due to ν e in water-Cherenkov detectors. Here, we explore different scenarios that lead to neutrinos decaying into a scalar and a lighter neutrino, and concentrate on several physics questions. First, we discuss whether the hypothesis that neutrinos have a finite lifetime can hinder the ability of measurements of the next galactic supernova neutrinos to determine the neutrino mass-ordering. Second, assuming the mass ordering is known, we characterize how well measurements of the neutrinos from a galactic supernova explosion can be used to measure or place bounds on the neutrino lifetimes. Finally, we discuss how different measurements of the neutronization-burst neutrinos can be used to distinguish different neutrino-decay scenarios and provide information on the nature of the neutrino.
Our strategy is as follows. Using the results of the hydrodynamical simulations of the Garching group for a 25 M progenitor model [69] , we study the neutronization-burst flux in the presence of a neutrino two-body decay, ν i → (−) ν j ϕ, where ϕ is a massless scalar; the details are spelled out in Section IV. We analyze the signatures of this decay in the upcoming DUNE experiment [41] , and the Hyper-Kamiokande (HK) experiment [70] . We find that for a typical supernova located at a distance of 10 kpc, these experiments are sensitive to lifetimes τ /m 10 5 − 10 7 s/eV, which are much longer than what is currently constrained by solar and long-baseline neutrino data. Furthermore, since DUNE is mainly sensitive to the ν e spectrum, while HK is mostly sensitive to theν e spectrum, a combination of these two experiments may be able to inform the Majorana versus Dirac question. Details of our simulation are described in Section V while our results are discussed in Section VI. We offer some concluding remarks in Section VII.
II. NEUTRINO DECAY INTO A SCALAR AND A LIGHTER NEUTRINO
In this section, we discuss different scenarios that allow for the two-body decay of the neutrino mass-eigenstates, where the heaviest neutrino (ν h ) decays to a lighter neutrino (ν l ), and a scalar field with negligible mass. We consider the possibility that the neutrinos are massive Majorana or Dirac fermions. For concreteness, we will concentrate on the NMO and the scenario where the heaviest neutrino (h = 3) decays to the lightest neutrino (l = 1), unless otherwise noted. We will also ignore the mass of the scalars and the lighter neutrino. It should be clear that all the results to be derived here apply to, for example, the IMO and the scenario where the heaviest neutrino (h = 2) decays to the lightest neutrino (l = 3). In the next sections, we will also make reference to this decay.
A. Dirac neutrinos
We augment the standard model Lagrangian by postulating the existence of new scalar fields. For simplicity and in order to avoid further problems, we assume the new scalar fields are singlets of the standard model gauge group and only concentrate on the lowest-dimensional couplings of these to the standard model neutrinos. If the neutrinos are Dirac fermions, lepton number is a conserved global symmetry and we can classify the new scalars according to how they transform under U (1) L -lepton-number symmetry. We will consider two simple cases: lepton-number zero scalars and lepton-number two scalars.
A scalar field ϕ 0 with zero lepton number can couple to neutrinos only at the dimension-five level:
where g ij =g ij v/Λ, Λ is the effective scale of the operator and v is the vacuum expectation value of the neutral component of the Higgs field. Here and throughout we express all fermions as left-handed Weyl fields; ν c i are the lefthanded antineutrino fields while L i are the standard model lepton doublets. The indices i, j = 1, 2, 3 run over the different
where, after spontaneous symmetry breaking, the second term includes h ij ν i ν j ϕ, h ij =h ij v 2 /Λ 2 . Here, Λ is the effective scale of the dimension-six operator and y ij = y ij and h ij = h ji . Since ϕ 2 carries lepton-number, Eq. (II.4) mediates the following decay: ν 3 →ν 1 ϕ 2 ; the neutrino lepton-number changes by two units. Assuming y ij h ij , (or vice-versa), the interactions in Eq. (II.4) are strongly parity violating and the decays yield strongly polarized daughters. If y ij h ij , all daughters will be of the "wrong-helicity" type and hence invisible assuming an ultra-relativistic parent beam produced via the weak interactions (i.e., in the decay ν 3L →ν 1 ϕ 2 allν 1 will be left-handed and hence invisible in the limit m 1 /E 1 → 0). Instead, If h ij y ij , all the daughters will be of the "correct-helicity" and hence expected to interact in a neutrino detector (i.e., in the decay ν 3L →ν 1 ϕ 2 allν 1 will be right-handed and hence visible in the limit m 1 → 0). In both cases, the energy distributions are as prescribed in Eqs. (II.3), where the invisible decays (y ij h ij ) follow the helicity-conserving equation, while the visible decays h ij y ij follow the helicity-flipping one.
B. Majorana neutrinos
If the neutrinos are Majorana fermions, lepton number is explicitly broken and there is no need for light right-handedneutrino degrees of freedom. If a new gauge-singlet scalar ϕ is added to the standard model particle content, the most minimal interaction that leads to the neutrino decays of interest is dimension-six:
wheref ij =f ji , f ij =f ij v 2 /Λ 2 and Λ is the effective scale of the dimension-six operator. Here it is not meaningful to assign lepton-number to ϕ.
Here, in the laboratory frame, the decay width for
where f ≡ f 13 , m 3 is the mass of ν 3 , and E 3 its energy. This decay-width is related to the lifetime τ 3 in the ν 3 rest-frame:
. For Majorana neutrinos, the decay rates are twice as large as that of Dirac neutrinos (Eq. (II.2)) since one is compelled to include both the "neutrino" and "antineutrino" final states. In the limit m 1 /E 1 → 0, it is convenient to identify the two different helicity states of ν 1 as the "neutrino" (ν 1L ) and the "antineutrino" (ν 1R ) where the charged-current scattering of the ν 1 state leads to the production of negatively charged leptons while that ofν 1 leads to positively charged leptons. In this case, Eq. (II.5) mediates both ν 3L → ν 1L + ϕ, and ν 3L →ν 1R + ϕ, both of which are visible modes. Furthermore, as long as the ν 1 mass is small enough, the energy distributions are also given by Eq. (II.3) [6, 12] ; the "neutrino" final state is helicity-conserving, while the "antineutrino" final state is helicity-flipping. The relative-branching ratios, on the other hand, are the same.
C. Majorana versus Dirac
In general, Majorana and Dirac neutrino decays are distinguishable as long as one can measure the daughter neutrinos. In the ϕ 0 -model (Eq. (II.1)), heavier neutrinos decay to lighter visible neutrinos (or invisible neutrinos) while in the ϕ 2 -model (Eq. (II.4)), heavier neutrinos decay exclusively into visible antineutrinos (h ij y ij ) or invisible antineutrinos y ij h ij ). The two models are distinguishable, in principle, if a nonzero fraction of the decays is visible. Instead, in the Majorana case, heavier neutrinos decay into both visible lighter "neutrinos" and "antineutrinos", and the branching ratios are the same. This means that if heavy neutrinos are produced in some far away source via weakinteraction processes involving, say, negatively charged leptons (for example the deleptonization process of interest here, e − + p → n + ν) and only one new light scalar exists, Dirac neutrinos will decay into either neutrinos or antineutrinos. Majorana neutrinos, on the other hand, will decay into both "neutrinos" and "antineutrinos."
The result above can be clouded by postulating more light degrees of freedom. If, for example, one combines the ϕ 0 -model with the ϕ 2 -model, it is possible to choose couplings in such a way that a Dirac ν 3 decays both into ν 1 + ϕ 0 and ν 1 + ϕ 2 with the same branching ratio. If this were the case, the Dirac neutrino case would perfectly mimic the Majorana one. On the other hand, if a new light fermionic degree of freedom exists, it is possible to write down an interaction like Eq. (II.1) for Majorana neutrinos, where the left-handed antineutrino field is replaced by the new, sterile fermion. In this case, it is possible to have the Majorana neutrino case perfectly mimic the Dirac one. We consider both of these scenarios rather finely tuned and will ignore them henceforth.
D. Order of Magnitude Considerations
Before discussing the supernova explosion as a source of neutrinos and how the propagation of supernova neutrinos is impacted by -and informs -the neutrino lifetime, it is useful to estimate the naive sensitivity of supernova neutrinos to the neutrino lifetime. Lifetime effects are visible when Γ × L 1, where L is the neutrino propagation distance. In the case of the ϕ 0 -model with Dirac neutrinos, this translates into Similar values for the relevant couplings are obtained for the other models discussed in this section. This implies the systems under investigation here are sensitive to very weakly-coupled new degrees of freedom. This, in turn, implies that virtually all laboratory probes -and many early universe probes -will not be as sensitive to this type of new physics as the observables we are discussing here. There are a few exceptions; we comment on these in the concluding section. The constraint Γ × L 1 can be re-expressed as τ /m L/E † or τ m 10 5 s/eV L 10 kpc
This implies that supernova neutrinos produced 10 kpc away are sensitive to neutrino lifetimes that approach a few days for neutrino masses of order 1 eV.
III. FLAVOR EVOLUTION DURING THE NEUTRONIZATION BURST
Modern day simulations of core-collapse supernovae including a detailed treatment of the neutrino transport problem agree on the presence of the neutronization-burst phase that occurs typically for around 25 ms, immediately after corebounce [72] . The core-collapse shock, launched as a result of the stiffening of the core, results in the dissociation of the surrounding nuclei into individual neutrons and protons. The newly formed protons capture electrons, producing a large burst of ν e , thereby leading to the prompt deleptonization of the core. As the shock reaches relatively lower densities, these ν e can stream out, leading to the neutronization burst. During this period, the other types of neutrinos -ν e , as well as the other flavors (ν µ ,ν µ , ν τ ,ν τ ) -are also emitted, but the associated fluxes are very small when compared to that of the ν e . A SN acts like an approximate blackbody, and cools by the emission of neutrinos. Keeping this in mind, SN simulations typically fit the neutrino spectra with the so-called "alpha-fit" [73] :
where φ(E) is normalized to unity. Here, E ν denotes the average energy of the neutrinos, Γ(z) is the Euler gamma function, and α is a dimensionless parameter, referred to as the pinching parameter. It is related to the width of the spectrum and satisfies
(III.10)
These spectral parameters are time dependent and depend on the different neutrino emission phases, the particulars of the simulation, such as the treatment of neutrino transport, and inputs from nuclear physics. Simulations provide the unoscillated neutrino distribution as a function of time, in the form of neutrino luminosities L ν . The neutrino distribution in time and energy is [74] The neutronization signal is a quite robust feature of all simulations. The shape and height of the peak depend on the progenitor masses, as well as the nature of simulations (for a comparison of different simulations, see [75, 76] ). Such details will not affect the results discussed here and in the next sections. Furthermore, since there is a large hierarchy between the fluxes of the different neutrino flavors, collective oscillations are suppressed. This implies that the calculation of the flavor-evolution of neutrinos produced during the neutronization burst is straightforward and does not suffer from the uncertainties associated with the non-linear effects due to neutrino self-interactions.
The ν e are produced deep inside the supernova where the local mater densities are very high. Standard matter effects imply that the ν e is very well aligned with the instantaneous Hamiltonian eigenstate associated with the largest instantaneous Hamiltonian eigenvalue at production. The subsequent evolution is such that the different eigenstates can be treated as incoherent, and the position-dependency of the matter density, together with the known values of the neutrino mass-squared differences, indicate that the adiabatic approximation works very well. Taking all of this into account, the neutronization-burst neutrino flux at the Earth, ignoring the small ν x initial population, is well approximated by [77] 
where h stands for the heaviest neutrino mass eigenstate, h = 3 for the NMO, h = 2 for the IMO. U eh is the relevant element of the leptonic mixing-matrix and R is the distance between the Earth and the SN. It is straightforward to include the contribution of the ν x initial population. Since ν e produced in the neutronization burst exit the supernova as ν h , ν µ and ν τ exit the supernova as mixtures of the two lightest mass eigenstates. Since the initial fluxes of ν µ and ν τ are roughly the same, their contribution to the measured ν e flux at the detector is proportional to ( 
For the sake of discussion, we often ignore the ν x contribution. Nonetheless, in all numerical computations and results presented, their contribution is included.
The ν e flux detected at the Earth is sensitive to the neutrino mass ordering. If the mass ordering is normal, a ν e produced in the SN comes out, mostly, as a ν 3 , whereas if the ordering is inverted, it comes out mostly as a ν 2 . Since the production of other flavors is mostly negligible during this epoch, this implies that for the normal mass ordering, the ν e flux will have a relative suppression factor ∼ |U e3 | 2 /|U e2 | 2 0.1. This allows for the determination of the neutrino mass ordering from the neutronization-burst phase [77] . This is illustrated in the left panel of Fig. 2 , where the ν e fluxes to be detected at the Earth for the two mass orderings are depicted. The presence of a peak in the time spectrum is characteristic of the inverted mass ordering, whereas its absence indicates the normal ordering.
Antineutrinos can be treated in the same way. In this case, however, since the sign of the matter potential is inverted for antineutrinos, aν e produced in the center of the supernova during the neutronization burst will exit the supernova asν l , the lightest antineutrino mass eigenstate. In this case,ν µ,τ will exit the explosion as mixtures of the two heaviest mass-eingenstates. Theν e flux on Earth is depicted in the right panel of Fig. 2 . Here, the distinction between the two mass-orderings is a lot less pronounced. Nonetheless, it has been argued in the literature that the rise time of theν e -flux can be exploited in very high statistics experiments, like IceCube [74, 79] .
IV. IMPACT OF NEUTRINO DECAY ON THE NEUTRONIZATION-BURST FLUX
In this section, we outline the formalism for simulating the ν e and theν e flux during the neutronization-burst epoch, incorporating both neutrino propagation and decay. The impact of neutrino decay on its propagation is given by solving a transfer equation, which takes into account the decay of the heaviest-state population, as well as the repopulation of the lighter states [23] . The problem is simplified if we assume that the neutrinos do not decay within the SN envelope. Therefore, the neutronization-burst flux arrives unchanged at the surface of the SN, and decay on their way to the Earth. This is a good approximation as long as τ /m 10 −7 s/eV. The flux of a Dirac neutrino mass eigenstate i arriving at the Earth satisfies, for the ϕ 0 -model (Eq. (II.1)),
where ψ h.c , ψ h.f are defined in Eq. (II.3) and discussed in Section II. We have considered the fact that the daughterneutrinos produced with the "wrong" helicity are effectively invisible. The first term accounts for the disappearance of the parent-neutrinos while the second one accounts for the appearance of the daughters. The same equation, with ν ↔ν, holds for antineutrinos. On the other hand, for the ϕ 2 -model (Eq. (II.4)),
We have considered the fact that the daughter-(anti)neutrinos produced with the "same" helicity are effectively invisible.
Here, all neutrino decays lead to antineutrino daughters, hence all daughters are "lost." On the other hand, the neutrino flux is replenished with daughters from parent-antineutrinos. For the neutronization burst, this is mostly irrelevant for the ν e detection on Earth but is very important for theν e signal.
In the case of Majorana neutrinos, taking advantage of the fact that the neutrino masses are much smaller than the neutrino energies in the lab frame, we can also define a "neutrino" and "antineutrino" flux. In this case, assuming the decay scenario associated to Eq. (II.5),
The same equation holds also for antineutrinos with ν ↔ν.
Here, we focus on the situation where the heaviest mass eigenstate decays to the lightest one: in the NMO (IMO), the ν 3 (ν 2 ) decays to a ν 1 (ν 3 ), leaving the intermediate mass-eigenstate -ν 2 (ν 1 )-unchanged. There is no strong physics argument in favor of this assumption, except that the effects are largest for these decay channels. Our conclusions are mostly the same if one were to pursue the scenario where all allowed two-body decay modes of the heavier neutrinos are present.
Qualitatively, ignoring the relatively much smaller initial flux of ν x andν e,x , this is what one expects of the neutronization-burst neutrino-flux if the neutrino lifetime is finite:
(a) For the NMO, Dirac neutrinos, and the ϕ 0 -model, the neutronization-burst neutrinos exit the supernova as ν 3 's.
The ν 3 decays into visible and invisible ν 1 . While the daughter ν 1 spectrum is softer than the one of the parent, the expected number of events may, in fact, be higher if the ν 3 lifetime is short enough since |U e3 | 2 |U e1 | 2 . It is possible to confuse this scenario with the IMO-case if the neutrino lifetime is chosen judiciously.
(b) For the IMO, Dirac neutrinos, and the ϕ 0 -model, the neutronization-burst neutrinos exit the supernova as ν 2 's.
The ν 2 decays into visible and invisible ν 3 . The daughter ν 3 spectrum is softer and |U e3 | 2 |U e2 | 2 so one expects a significant suppression of the neutronization-burst neutrino-flux. It is possible to confuse this scenario with the NMO-case if the neutrino lifetime is chosen judiciously.
(c) For the NMO, Dirac neutrinos, and the ϕ 2 -model, the neutronization-burst neutrinos exit the supernova as ν 3 's.
The ν 3 decays into visible and invisibleν 1 . The ν e signal on the Earth is very small, but one anticipates a healthy, softerν e signal.
(d) For the IMO, Dirac neutrinos, and the ϕ 2 -model, the neutronization-burst neutrinos exit the supernova as ν 2 's. The ν 2 decays into visible and invisibleν 3 . The ν e signal on the Earth is suppressed due to the decay, and one anticipates a small -|U e3 | 2 1 -softerν e signal.
(e) For the NMO, Majorana neutrinos, and the model of interest here (Eq. (II.5)), the neutronization-burst neutrinos exit the supernova as ν 3 's. The ν 3 decays into visible ν 1 andν 1 with different, softer spectra. Since |U e3 | 2 |U e1 | 2 , one may run into an excess of both ν e andν e at Earth-bound detectors.
(f) For the IMO, Majorana neutrinos, and the model of interest here (Eq. (II.5)), the neutronization-burst neutrinos exit the supernova as ν 2 's. The ν 2 decays into visible ν 3 andν 3 with different, softer spectra. Since |U e3 | 2 |U e1 | 2 , one expected a reduced number of ν e andν e at Earth-bound detectors.
Note that, in general, we expect qualitatively different behaviors for the Dirac and Majorana decaying-neutrino scenarios.
For the original ν x spectrum, the impact of neutrino decay is absent for any mass-ordering since, in the regime of interest here, these always exit the supernova as a mixture of the lighter -assumed to be stable -mass eigenstates. For anti-neutrinos, the situation is reversed. An antineutrino born as aν e during the neutronization burst will exit the supernova as the lightest antineutrino while half of theν x -born population will exit the supernova as the heaviest antineutrino and can hence subsequentially decay intoν 1 (ν 3 ) for the NMO (IMO).
We proceed to discuss more quantitatively the impact of neutrino decay in the measurement of neutrinos from the neutronization burst of the next galactic supernova assuming both the Deep Underground Neutrino Experiment (DUNE) and Hyper-KamiokaNDE (HK) are operational at the time of the momentous event. We first provide the relevant assumptions regarding our detection simulations.
V. SIMULATION DETAILS
We are interested in the future, very large neutrino detectors DUNE and HK, expected to come online in the middle of the next decade. The expected number of supernova neutrino events per unit time t and unit reconstructed energy E r at any detector is
where f να is the neutrino flux at the Earth, σ α (E) is the relevant detection cross-section, and (E t , E r ) is an energy migration matrix that relates the true neutrino energy E t to the reconstructed one. N tg is the number of targets for the experiment. We have assumed 40 ktons of liquid argon for DUNE and two water tanks of 187 ktons each for HK. R is the distance to the supernova. Unless otherwise noted, we have organized all simulated data into a 2-dimensional array of bins in energy and time. For the energy, we have considered a bin width of at least two times the detector energy resolution. For the time evolution are used 5 bins that account for the first 25 ms of the neutronization burst.
We have focused only on the dominant processes associated to the detection of supernova neutrinos at the two nextgeneration experiments, described in more detail in what follows. DUNE is a liquid argon-based experiment [41] , and we only consider the DUNE far detector given it will to be much larger than the near detector. For the energies relevant to supernova neutrinos, DUNE is most sensitive to the ν e component of the flux [80] , measured via the charged-current process
The neutrino absorption by 40 Ar creates an electron and an excited nucleus of potassium ( 40 K * ) that will de-excite, producing a cascade of photons. The overall signal is characterized by a final state with several low-energy electromagnetic tracks. In order to properly account for all of these, we make use of MARLEY [81] , a Montecarlo event generator that simulates ν e interactions in Argon for energies less than 50 MeV. We use the simulated events to construct the energy migration matrix (E t , E r ).
Liquid Argon experiments have proven the capability to observe electrons and photons in the MeV scale [82] . For DUNE, we have assumed a minimum distance of 1.5 cm traveled by the electron in order to be detected; such distance translates into an energy threshold for the electron of 2 MeV. For photons, the dominant interaction at those energies is Compton scattering and photons are observed as isolated blips near the electron track. We impose the same energy cut in energy as the one for electrons. The reconstructed neutrino energy is the sum of the reconstructed energies for all the final state particles, in our case electron and photons since the remaining recoiling nucleus cannot be observed. The interaction process proceed with an energy threshold of 4 MeV, which we consider as threshold for the reconstructed neutrino energy. The finite energy resolution of the detector introduces an error in the reconstruction of the neutrino energy. Assuming the same precision as shown in previous Liquid Argon experiments [83] , we have included the energy resolution via Montecarlo integration. The energy resolution increases as σ E = 0.11 E/MeV + 0.2(E/MeV), and corresponds to 5% for E ∼ 10 MeV. The time resolution for DUNE is expected to be of the order of ∼ 10 nsec [80] . Since our simulated events are organized into time-bins of 5 ms, timing-resolution effects are irrelevant.
HK is a water Cherenkov detector. At the MeV scale, the main detection channel is inverse beta decay (IBD) (Eq. (V.18)), so HK is mainly sensitive to the electron-antineutrino component of the supernova neutrino flux:
For the cross-section of IBD, we have used the results of the analytical calculation reported in Ref. [84] , expected to be valid for neutrino energies in the MeV to GeV range. Finally, we have assumed the energy resolution of HK to be the same as that of Super-Kamiokande [70] . ‡ Considering σ E = 0.6 E/MeV, for an energy of 10 MeV, the energy resolution is of the order of 20%. Note that for HK we are assuming a larger energy resolution which is translated into a larger size of the energy bins. We have considered a threshold of 3 MeV in the energy measured, which is imposed by the detector capabilities to observe neutrinos [70] . To correlate the neutrino energy with the energy reconstructed by the detector, we made a Montecarlo integration assuming a Gaussian distribution of the energies measured by the detector, where every event is weighted by the differential cross-section [84] . The time resolution for HK is of order 5 nsec [70] , negligible compared to our 5 ms time-bins. We make use of a χ 2 analysis in order to compare different hypotheses and address different physics questions. We bin our simulated events in energy and time, as discussed above, and allow for the possibility of marginalizing over different parameters in order to account for different systematic and statistical effects. For the remainder of this manuscript, unless otherwise noted, we assume that the overall normalization of the supernova neutrino flux is known at the 40% level (one sigma). For neutrino oscillation parameters, we use the results of the combined fit reported by the NuFit collaboration [78] , and marginalize over the reported uncertainties for the relevant mixing parameters -sin 2 θ 12 and sin 2 θ 13 . We assume the two uncertainties are uncorrelated. ‡ All of the results associated to HK also apply to Super-Kamiokande, currently taking data, once one takes into account the fact that HK is expected to be an order of magnitude larger than Super-Kamiokande. , for different values of the lifetime of the heaviest neutrino mass eigenstate, for the NMO (left) and the IMO (right), for a supernova explosion 10 kpc away. We include all events that arrive during the neutronization-burst (first 25 ms). The values of the neutrino oscillation parameters are the best-fit ones tabulated in [78] . The neutrinos are assumed to be Dirac fermions and the neutrino decay is described by Eq. (II.1).
VI. IMPACT OF NEUTRINO DECAY AT DUNE AND HYPER-KAMIOKANDE
In this section, we explore some of the consequences of the neutrino decay hypothesis to future data from DUNE and HK. For concreteness, we concentrate on the hypothesis that the neutrinos are Dirac fermions and only the heaviest neutrino decays to the lightest neutrino. Therefore, in the NMO (IMO), the ν 3 (ν 2 ) decays to ν 1 (ν 3 ), similarly for antineutrinos. We will also concentrate on the ϕ 0 -model with g ij = g ji . Since we are assuming that DUNE is only sensitive to the ν e -component of the neutronization-burst neutrinos on Earth and HK is only sensitive to theν e -component, DUNE is expected to play a more significant role. It is clear from earlier discussions that the roles of the two detectors would be reversed in the ϕ 2 -model. Certain aspects of the hypothesis where the neutrinos are Majorana fermions -Eq. (II.5)were explored earlier in the literature [23] . We return to the Majorana fermion versus Dirac fermion discussion later.
Assuming a supernova explosion 10 kpc away, Fig. 3 depicts the expected number of events of all reconstructed neutrino energies at DUNE, divided into bins of 5 ms, for both neutrino mass orderings and for different values of the lifetimeto-mass ratio τ /m of the heaviest neutrino. For the IMO (right panel of Fig. 3 ), the neutronization-burst peak at 10 ms after bounce is visible for very long-lived neutrinos, while there is no peak for the NMO (left panel of Fig. 3 ). For shorter neutrino lifetimes, for the NMO, a peak develops and becomes quite pronounced due to the presence of the easier-todetect ν 1 daughters. The situation is reversed for the IMO: for shorter neutrino lifetimes, the neutrino decay erases the neutronization-burst peak.
Assuming a supernova explosion 10 kpc away, Fig. 4 depicts the number of events observed inside the first 25 ms time-window in bins of reconstructed neutrino energy for the NMO (left panel), and the IMO (right panel). The same pattern described in the previous paragraph is observed. The ν e spectrum for the IMO is suppressed as the decay rate increases, while that of the NMO is enhanced. The neutrino energy spectrum softens slightly as the lifetime decreases. The effect is not very pronounced because the visible daughter-neutrino energy distribution (linearly) peaks at the parent with the IMO and effectively stable neutrinos with the hypothesis that the neutrino mass ordering is normal and the ν3 lifetime is finite, for different distances between the Earth and the supernova explosion. Data are binned in both time and energy, as described in the text. We assume a 40% uncertainty in the overall neutrino flux, and marginalize over the neutrino oscillation parameters (except for the mass ordering). The values of the neutrino oscillation parameters -best-fit values and uncertaintiesare tabulated in [78] . The neutrinos are assumed to be Dirac fermions and the neutrino decay is described by Eq. (II.1).
energy, see Eq. (II.3) ( E daughter = (2/3)E parent ).
A. Normal versus Inverted Mass Ordering
The past discussion reveals that, qualitatively, a normal neutrino mass ordering can be mimicked by an inverted one if one allows the neutrinos to decay, and vice-versa. We next address this issue more quantitatively by simulating DUNE data consistent with the IMO and attempting to fit the data with a NMO while allowing the heavier neutrino to decay, as described above. The results of this exercise are depicted in Fig. 5 , which displays ∆χ 2 as a function of the ν 3 lifetime-over-mass for different supernova-Earth distances. For explosions that are very far away -over 50 kpc -the two mass-orderings are indistinguishable at the two-sigma level regardless of the ν 3 lifetime. This is related to the simple fact that there is not enough statistics to distinguish one mass-ordering from the other at DUNE. For explosions that are very nearby -say, 1 kpc -it is not possible to mimic the IMO with the NMO plus a finite lifetime for ν 3 . This is a reflection of the fact that the energy spectrum (and, to a lesser extent, time) is distorted enough by the neutrino decay that the two hypothesis are distinguishable given enough statistics. At intermediate distances -e.g., 10 kpc -it is possible to mimic an IMO with a NMO plus a finite lifetime of ν 3 if the lifetime is chose judiciously. Fig. 5 reveals that the five-sigma distinction between the IMO and the NMO is reduced to under two-sigma if, in the NMO, the ν 3 is allowed to decay into a ν 1 plus a massless scalar with τ 3 /m 3 ∼ 10 5 s/eV. The shape of the different curves in Fig. 5 is easy to understand. The value of τ 3 /m 3 for which decay effects are most interesting depends on the distance to the supernova. The positions of the minima in Fig. 5 follow Eq. (II.8).
B. Constraining the ν h Lifetime
When the neutrinos from the next galactic supernova arrive at DUNE and HK, it is possible that the neutrino mass ordering will be known. In this case, one can use the supernova neutrino data to constrain the neutrino lifetime. Assuming the mass ordering is known to be normal, currently favored at the three sigma level by the neutrino oscillation data [78] , Fig. 6 depicts ∆χ 2 as a function of τ 3 /m 3 assuming DUNE observed events from a supernova explosion at different distances and that the neutrino lifetime is infinitely long. For supernova explosions very far away, DUNE cannot distinguish a very long-lived ν 3 from a very short-lived one due to the lack of statistics. For near-enough explosions, DUNE can rule out, at the three-sigma level, lifetimes shorter than ∼ 3 × 10 5 s/eV. This sensitivity is vastly superior to current bounds from long-baseline and solar neutrino data, as anticipated.
It is easy to understand the behavior of the various curves in Fig. 6 . For small enough values of τ /m, ∆χ 2 does not depend on it because the decays are too fast. On the other hand, for large values of τ /m, we expect relative deviations of the number of expected neutronization-burst neutrinos, relative to infinitely long lifetimes, to vary proportional to Lm/Eτ . This behavior is readily observed for different values of L in Fig. 6 , keeping in mind that the energies of interest with effectively stable neutrinos with the hypothesis that the ν3 lifetime is finite, for different distances between the Earth and the supernova explosion. The neutrino mass ordering is assumed to be normal and known. Data are binned in both time and energy, as described in the text. We assume a 40% uncertainty in the overall neutrino flux, and marginalize over the neutrino oscillation parameters (except for the mass ordering). The values of the neutrino oscillation parameters -best-fit values and uncertainties -are tabulated in [78] . The neutrinos are assumed to be Dirac fermions and the neutrino decay is described by Eq. (II.1) . The colored shaded region is excluded by supernova cooling bounds using data from SN1987A observations [46, 47] .
are approximately the same. The L-dependent change in behavior follows Eq. (II.8). For large τ /m, the sensitivityvery small -is mostly independent on L. The reason for this is as follows. The total number of events is proportional to (1/L) 2 while, as highlighted above, the relative change in the number of events is proportional to L. Hence, the absolute change in the number of events -decay hypothesis versus stable hypothesis -decreases like 1/L. On the other hand, the statistical uncertainty of the "data" decreases like (1/L 2 ). The statistical power to discriminate one hypothesis from the other is proportional to (1/L)/(1/L) and hence L-independent. Fig. 6 reveals that if a supernova explodes 10 kpc away, DUNE data will be able to clearly distinguish short-lived ν 3 (τ 3 /m 3 10 5 s/eV) from a long-lived one (τ 3 /m 3 10 5 s/eV). If the ν 3 lifetime happens to be τ 3 /m 3 ∼ 10 5 s/eV, the energy and time distribution of the neutrinos from the neutronization burst are capable of providing more detailed information about τ 3 /m 3 . The solid, blue line in Fig. 9 depicts ∆χ 2 as a function of τ 3 /m 3 , obtained by analyzing data at DUNE consistent with τ 3 /m = 10 5 s/eV (explosion 10 kpc away), assuming the mass ordering is known to be normal. At the two-sigma level, DUNE can establish that τ 3 /m 3 is neither very short nor very long and it can measure τ 3 /m 3 = (1.0 +0.6 −0.4 ) × 10 5 s/eV (one sigma).
C. Dirac versus Majorana: DUNE & Hyper-Kamiokande
If the neutrinos decay, the neutronization burst may also prove to be an excellent laboratory for testing the nature -Majorana versus Dirac -of the neutrino. As discussed in Sec II, the decays of Majorana and Dirac neutrinos are qualitatively different if the daughter neutrino can be subsequently measured. For example, if the neutrinos are Dirac fermions and neutrino decay is governed by Eq. (II.1) (ϕ 0 scenario) neutrinos decay into visible or invisible neutrinos while antineutrinos decay into visible or invisible antineutrinos. On the other hand, Majorana neutrinos, assuming the decay is governed by Eq. (II.5), if produced in charged-current processes absorbing negatively-charged leptons, will decay, half of the time into "neutrinos" and half of the time into "antineutrinos." In this case, all daughter fermions are visible.
The qualitative consequences of decaying neutrinos from the neutronization-burst of a supernova explosion were spelled out in Sec. IV. Since we are assuming that DUNE is, at leading order, sensitive to the ν e population on the Earth while HK is sensitive to theν e population, the neutrino decay hypothesis will impact only DUNE data if the neutrinos are Dirac fermions, while expectations at HK are expected to be qualitative different if the decaying neutrinos are Majorana fermions. This is illustrated in Figures 7 and 8 . Fig. 7 depicts the expected number of events of all neutrino energies at DUNE (left) and HK (right), for a supernova exploding 10 kpc away, the NMO, and τ 3 /m 3 = 10 5 s/eV, assuming Dirac neutrinos (and Eq. (II.1) together with g ij = g ji ) or Majorana neutrinos (and Eq. (II.5)). The data are virtually the same for the two hypothesis at DUNE, § but , for decaying Dirac (blue) and Majorana ν3 (red), for τ3/m3 = 10 5 s/eV. We include all events that arrive during the neutronization-burst (first 25 ms). The horizontal scales do not start at E = 0, reflecting the energy thresholds for the experiments. The values of the neutrino oscillation parameters are the best-fit ones tabulated in [78] and the mass ordering is normal. Dirac neutrino decay is described by Eq. (II.1) while Majorana neutrino decay is described by Eq. (II.5).
the situation is qualitatively different at HK. If the neutrinos are Majorana fermions, half of the time, the ν 3 →ν 1 + ϕ. The daughterν 1 behave, |U e1 | 2 of the time, asν e and hence lead to a large signal at HK.
The same behavior is observed in Fig. 8 , which depicts the energy spectrum of the neutrinos arriving in the first 25 ms at DUNE (left) and HK (right), for a supernova exploding 10 kpc away, the NMO, and τ 3 /m 3 = 10 5 s/eV, assuming Dirac neutrinos (and Eq. (II.1)) or Majorana neutrinos (and Eq. (II.5)). While the "wrong-helicity" ("antineutrino") population has a markedly softer energy spectrum, as discussed earlier, it still leads to a significant excess of events in HK.
We simulated data at DUNE and HK consistent with a supernova explosion 10 kpc away assuming the neutrino mass ordering is known to be normal and that ν 3 is a decaying Dirac fermion with τ 3 /m 3 = 10 5 s/eV. We analyze subsets of the data under different hypotheses regarding the nature of the neutrinos -decaying Majorana or Dirac ν 3 -and display our results in Fig. 9 . As hinted in Figs. 7 and 8, DUNE data alone (blue lines) cannot distinguish Dirac (solid line) from Majorana (dashed line) neutrinos. HK data alone (red lines), on the other hand, does a slightly better job but can only distinguish a decaying Dirac (solid line) ν 3 from a very long-lived Majorana (dashed line) one at the one sigma level. The solid red line reveals that HK does not have enough sensitivity to distinguish a decaying Dirac neutrino from a stable one. It does, however, have the same capability to distinguish a fast-decaying Dirac ν 3 from one with τ 3 /m 3 = 10 5 s/eV as DUNE. The reason is that, in spite of the fact that HK does not see the dominant neutrinos from the deleptonization process, it is large enough to see a very healthy sample of antineutrinos born asν e andν x , even if one restricts the g 13 = g 31 in the Dirac ϕ 0 -model, so half of the daughters of the Dirac ν 3 decay have the "wrong" helicity and are therefore invisible. ∆χ 2 as a function of the hypothetical ν3 lifetime-over-mass, obtained when comparing simulated DUNE or HK data consistent with a decaying Dirac ν3 from a supernova explosion 10 kpc away, for τ3/m3 = 10 5 s/eV, with different hypothesis regarding the ν3 lifetime and the nature of the neutrinos. The neutrino mass ordering is assumed to be normal and known. Data are binned in both time and energy, as described in the text. We assume a 40% uncertainty in the overall neutrino fluxindependent at DUNE and HK -and marginalize over the neutrino oscillation parameters (except for the mass ordering). The values of the neutrino oscillation parameters -best-fit values and uncertainties -are tabulated in [78] . Dirac neutrino decay is described by Eq. (II.1) while Majorana neutrino decay is described by Eq. (II.5).
analysis only to the neutronization-burst period (see Figs. 7 and 8.) .
The combination of DUNE and HK data leads to sensitivity that dwarfs that of each individual data set; the two detectors complement one another very well. The results of combined DUNE and HK data are depicted in Fig. 9 (black lines). Since the production mechanism responsible for the ν e population and that of ν x ,ν e ,ν x are qualitatively different during the neutronization-burst -ν e come predominantly from e − +p → ν e +n while the other species come from so-called thermal processes -we marginalize over independent normalization uncertainties -40% each -for DUNE and HK in order to be as conservative as possible. If we assign identical normalization factors to the two data sets, the sensitivity is enhanced by a couple of units of ∆χ 2 . In this case, combined data from DUNE and HK can distinguish the decaying Dirac ν 3 from a Majorana ν 3 at the five sigma level. Furthermore, combined DUNE and HK data can distinguish a fast-decaying ν 3 from one with τ 3 /m 3 = 10 5 s/eV at around the four sigma level.
In the case of HK and the Majorana neutrino hypothesis, Fig. 9 reveals a shallow minimum for τ 3 /m 3 ∼ 10 7 s/eV. This is qualitatively easy to understand. For smaller values of τ 3 /m 3 , the expected number of events at HK is way too large and hence the disagreement with the simulated data -Dirac neutrinos and τ 3 /m 3 ∼ 10 5 s/eV -is strong, as depicted in Figs. 7 and 8 . The data are also modestly inconsistent with a stable ν 3 , as one can see clearly in Fig. 9 . The reason is that, for Dirac neutrinos and τ 3 /m 3 ∼ 10 5 s/eV, the expected number of events at HK is larger than what one get when ν 3 is stable. When τ 3 /m 3 ∼ 10 7 s/eV and the neutrinos are Majorana fermions, a tiny fraction of ν 3 →ν 1 + ϕ. Since the primordial ν e flux is much larger than that of ν x ,ν e ,ν x this leads to significant enhancement of theν e -flux at HK and hence a slightly better fit. The quality of the fit is not excellent because the energy spectra are distorted enough for the data to "notice," see Fig. 8 . This result implies that HK, given its huge size, is sensitive to τ 3 /m 3 10 7 s/eV if the neutrinos are Majorana or if one is interested in the Dirac ϕ 2 -model (Eq. II.4). We have checked this quantitatively and find this is indeed the case.
VII. CONCLUDING REMARKS
We investigated the impact of neutrino decays on the neutronization-burst flux from a supernova. The neutronizationburst flux is less sensitive to the effects of collective oscillations due to the large asymmetry between the rate of ν e relative to that ofν e and hence the reliability of the particle physics information one can extract from it is more robust. Concretely, we considered a model where the heavier neutrino decays into the lightest neutrino and a scalar. In our calculations, we discarded effects related to the masses of the daughter neutrino and scalar. Using the neutronization flux of a 25 M progenitor, provided by large scale hydrodynamical simulations, we have demonstrated the potential impact in the detected flux of supernova neutrinos in the proposed DUNE and HK detectors, which are expected to be ready by the middle of the next decade.
Qualitatively, it is straight forward to check that a galactic SN at 10 kpc is sensitive to lifetimes τ /m 10 6 s/eV and is specially sensitive to τ /m ∼ 10 5 s/eV. There are three distinct effects of the neutrino decay. (i) the overall number of "visible" neutrinos can change. This depends on the physics responsible for the neutrino decay. Dirac neutrinos may decay some of the time into right-handed neutrinos -effectively undetectable -and some of the time into left-handed daughters -these can scatter via the charged-current weak interactions with non-zero rates. In a qualitatively distinct scenario, Dirac neutrinos decay some of the time into right-handed antineutrinos (visible) and some of the time into left-handed antineutrinos (invisible). Majorana neutrinos, instead, decay half of the time into "neutrinos" and half of the time into "antineutrinos," all of them detectable via charged-current interactions. (ii) the total neutrino energy spectrum softens since one parent neutrino decays into one daughter neutrino with energy that is necessarily smaller than or equal to that of the parent. This effect is more or less pronounced depending on whether there is a "mismatch" between the helicities of the parent and daughter neutrinos in the laboratory frame. (iii) the flavor-contents of the different neutrino mass eigenstates are distinct. In particular, ν 3 has a very small ν e -component -i.e., |U e3 | 2 is very small -while ν 1 has a large ν e -component. This means that if one is interested in a ν 3 → ν 1 decay -which we encounter in the NMO -and the detection signal is largest for electron-type neutrinos or antineutrinos, the daughter neutrinos may be much more accessible than the parent neutrinos. The situation is reversed if one is interested in a ν 2 → ν 3 decay -which we encounter in the IMO.
We highlighted a few different consequences of the decaying neutrino hypothesis associated to the measurement of the neutronization-burst neutrinos at DUNE and HK. If the neutrino mass ordering is not known, one mass ordering can be "mimicked" by the other mass ordering if one allows for the possibility that the heaviest neutrino decays. Results of a concrete hypothesis-test are depicted in Fig. 5 . Depending on how far away is the supernova explosion, this mass-orderingconfusion may prevent one from determining the neutrino mass-ordering using only the measurements of the supernova neutronization-burst neutrino flux. Note that resonant spin-flavor conversions of neutrinos related to a non-zero neutrino magnetic moment can also cause ν e → ν e conversions in the IMO, thereby resulting in a vanishing neutronization peak. This scenario, however, requires very strong magnetic fields inside the SN ∼ O(10 10 ) G [85] .
On the other hand, if the neutrino mass-ordering is known, measurements of the supernova neutronization-burst neutrino flux allow one to constrain the neutrino lifetime. If data at DUNE are consistent with stable neutrinos, Fig. 6 reveals that, for a specific model (Dirac neutrinos, ϕ 0 -scenario), τ /m values less than 10 5 s/eV can be safely ruled out if the supernova explosion is not too far away. This sensitivity is far superior to that of solar-system-bound oscillation experiments, by many orders of magnitude (10 −3 s/eV versus 10 5 s/eV). In other scenarios (e.g., Dirac neutrinos and the ϕ 2 -scenario or Majorana neutrinos), introduced here but not explored in great detail in the preceding sections, HK is expected to provide most of the sensitivity. We have computed the equivalent of Fig. 6 assuming the neutrinos are Majorana fermions and concentrating on HK data. We find that, for a SN 10 kpc away, HK can rule out τ /m values less than 10 7 s/eV, which corresponds to a coupling |g| 2.3 × 10 −10 .
Stronger bounds than the sensitivities discussed here can be extracted from the properties of the cosmic neutrino background, indirectly constrained by cosmic surveys of different types. Precise measurements of the cosmic microwave background from Planck 2015 constrain the neutrino free-streaming length and hence limit the strength of neutrinoneutrino interactions, including those mediated by the light scalars ϕ introduced here. These constraints can be translated into very strong constraints on the neutrino lifetime [86, 87] . These and other cosmological bounds, however, are indirect probes of neutrino decay. We advocate that such bounds are qualitatively distinct and that more direct bounds from "terrestrial" experiments complement the more indirect results from cosmic surveys.
We emphasized the fact that decaying Majorana and Dirac neutrinos are qualitatively different and potentially easy to distinguish. Qualitatively, the most relevant feature is that, in general, Dirac neutrinos decay either into neutrinos or antineutrinos while Majorana neutrinos decay into both neutrinos and antineutrinos. We showed that, by combining data from DUNE (sensitive to ν e ) and HK (sensitive toν e ) one should be able to distinguish a decaying Dirac neutrino from a Majorana one. The results of a concrete exercise are depicted in Fig. 9 . The complementarity of the two next-generation experiment is quite apparent. We re-emphasize, however, that it is always possible to concoct different models where one cannot distinguish Majorana from Dirac decaying neutrinos, as we discuss in some detail in Sec. IIC.
We restricted most of our discussion to one of the models introduced in Sec. II, the ϕ 0 -model, with g ij = g ji , described in Eq. (II.1). Many of the results discussed here would also apply in the ϕ 2 -model and in the case where neutrinos are Majorana fermions. In these other scenarios, however, the relative role of DUNE and HK data may be quite distinct. While we concentrated on the decay of neutrinos into other neutrinos and a new scalar particle, there are many other possibilities. In the absence of no new light degrees of freedom the neutrino three-body decays (ν h → ν lν l ν l ) could lead to some of the same effects discussed here. We plan to return to these decay modes in future work. More very large neutrino experiments, other than DUNE and HK, are expected to be on-line in the latter half of the next decade, including IceCube (ice), KM3Net (salt water), JUNO (liquid scintillator), etc. We did not consider the impact of their data in our many analyses.
